Renal glutaminase aduptation and ammonia excretion in infant rats. .Am. j. Physiol. 228(3) : 693-698. 1975 .~The purpose of this investigation was to determine the role of enzyme adaptation in the response of ammonia excretion to acidosis in developing rats. The response of renal ammonia excretion was 101~ in infant rats (7-12 days old) following administration of a single dose of acidifying salt (5 mmol NH&I,/ kg). However, repeated administration (2 times daily) of the salt increased ammonia excretion two-to threefold within 2 days. This adaptive response was associated with a concomitant rise in renal phosphate-dependent glutaminase (PDG) activity; PDG activity increased from approximately 36 cTfi adult level in untreated infants to 79rj,, adult level in infants given NH&l for 2 days. Ammonia excretion and PDG activity decreased in parallel following cessation of NH&l treatment. Administration of the antibiotic, actinomycin 11 (100 ,q/'kg., ip, 2 times daily for 2 days) completely inhibited the response of PIX to repeated NH&l administration. In contrast to the situation previously observed in adult rats, actinomycin D treatment prevented the acid-induced rise in renal ammonia excretion. These results suggest that the level of renal PI'>G plays a more direct role in the adaptation of ammonia excretion to acidosis in infa.nt rats than in adults. kidney; acid base; actinomycin; urine pH THE MAJOR SOURCE of urinary ammonia in mammals is the amide N of glutamine.
The reaction, catalyzed by the enzyme glutaminase ( 14) , is : glutamine pl,~~l~~,~> glutamate-+ NHd+. Metabolic acidosis increases the production and excretion of urinary ammonia in several mammalian species (14). In adult rats, the rise in ammonia excretion during acidosis is accompanied by an increase in renal phosphatedependent glutaminase (17). However, the adaptation of renal ammonia excretion can occur without the increase in enzyme activity since administration of actinomycin D suppresses the response of renal glutamine-deaminating enzymes in metabolic acidosis without inhibiting the rise in ammonia excretion (3). Furthermore, in the dog the adaptation of ammonia excretion during acidosis is not accompanied by changes in the level of renal glutaminase activity (15, 16) .
Previous studies have shown that renal ammonia excretion is low in developing mammals (1, 5) ; the response of ammonia excretion to acidosis is significantly less in nursing than in adult animals. The poor response of ammonia excretion to acidosis in the kidneys of these young animals is accompanied by a correspondingly low level of renal glutaminase activity (6, 2 1). However, in prolonged acidosis, infant rats can increase renal ammonia excretion adaptively in a manner similar to adults (5). It is possible, therefore, that in infant rats the adaptive increase in renal ammonia excretion in response to prolonged acidosis could be a result of a rise in glutaminase activity. The effects of metabolic acidosis on glutaminase activity and ammonia production in the kidneys of developing rats were investigated in the present study. The results indicate that during prolonged acidosis in infant rats, an increase in level of renal glutaminase parallels the stimulation of ammonia excretion. Furthermore, in contrast to the situation in adult rats, administration of actinomycin D to acidotic infant rats inhibits the rise in renal ammonia production as well as the adaptation of glutaminase.
METHODS
Animals und treatmenis. Rats were obtained from Charles River Laboratories, Wilmington, Mass. Females of timed pregnancy were maintained in individual nesting cages and were fed laboratory chow and water ad libitum. Two pregnant females timed to deliver litters on the same day were used in each experiment.
Infant rats (7-12 days old) were drawn randomly from both litters for each experiment. They were kept with their mothers except for the 4-h urine collection period, during which time they were maintained in a constant-temperature chamber at 3 1 & 1 "C. Acidosis was induced by administration of 5 mmol NH&l/kg in a volume of water equal to 2.5 % body wt via a polyethylene stomach tube (PE-10) twice daily for 3 days consecutively.
A 4-h urine collection was performed after the first, the third, and the -fifth doses, respectively, as previously described by Goldstein (5). Control rats were administered a similar dose of NHdHCOz. This was done to rule out the possibility that the increase in ammonia excretion of experimental rats was due to the accumulation of administered ammonia in blood. The validity of NHdHCOs administration as a control was previously shown by the experiments of Seyama, Saeki, and Katunuma (20) in which ammonia excretion in NHJHCOa-treated adult rats was similar to that in control rats receiving water.
After the urine collection on the 3rd day, the NH&l and NH4HC03 treatment was stopped. All rats were then given an equivalent volume of water (2.5 70 body wt) 2 times daily for 2 more days. This dose was previously found to completely inhibit the response of renal glutaminase activity to acidosis in adult rats (3). Control rats were injected with 0.1 ml propylene glycol. Rate of ammonia excretion was measured at 4 and 28 h after the treatment began. Immediately after 28 h, the rats were sacrificed and the kidneys were removed for glutaminase assay as above. The effects of administration of acidifying salt, NH&l, on the excretion of ammonia, urine pH, and renal phosphate-dependent glutaminase activity are shown in Table  1 . Similar experiments, performed on adult rats for comparative purposes, are shown in Table 2 . Administration of a single dose of NH&1 to infant rats increased the ammonia excretion about 64 % within 4 h (day I). In comparison, similar treatment of adult rats increased ammonia excretion by I55 % (Table Z) , while the degree of acidosis was similar in both age groups. With this particular dose of NH&l, plasma bicarbonate levels have been previously shown to be similarly depressed in infant and adult rats (5). In Table 1 , it can be seen that there were variations from day to day in renal ammonia excretion and glutaminase activity of the control animals. These values were not significantly different from one another. Moreover, the variations within the control group were small (less than 35 %) in contrast to the increases of the two parameters induced by acidosis (> 64 %) . Tables  I and 2, NH&l  administration  lowered  urine pH  approximately to the same extent in both adult and infant rats. Therefore, urine pH could not have been a factor in the poorer response of the infants to acute acidosis. On the other hand, it was clear that low rate of ammonia excretion in infant rats could possibly be related to a lower rate of ammonia production, i.e., the lower renal glutaminase activity. Activity of renal phosphate-dependent glutaminase activity in untreated infants was about 36% of the adult level (Table 1 ). In the mammalian kidney the rate of ammonia excretion As had been reported previously (5), continued adminisis determined by the rate of production of ammonia in the tration of NH&l resulted in an improvement in the ability cells of the renal tubules and the rate of diffusion of ammonia of infant rats to increase renal ammonia excretion. With into the tubular lumen (13). The rate of diffusion of ammorepeated NH&l administration infant rats reached a maxinia is, in turn, influenced by urinary pH ( 11). As shown in mal level of ammonia excretion approximately threefold Table 2) .
The response of phosphate-dependent glutaminase activity closely followed the adaptive response of the ammonia excretion in infant rats (Table  1) ; the relative increase in enzyme activity was approximately the same as the relative increase in ammonia excretion, i.e., approximately twoto threefold.
In contrast ammonia excretion in adult rats increased three-to fourfold with only a relatively small rise (37 %) in renal glutaminase activity (Table 2 ). This indicates that in adult rats, following the administration of a
The data of the actinomycin study were examined by both the Student t test and analysis of variance (Table 4 ). The analysis of variance indicates that NH&l and actinomycin D have independent and additive effects on ammonia excretion and that the period of treatment with these agents was also significant.
The response of glutaminase activity was also the result of acidosis and actinomycin D acting together.
This indicates that actinomycin D has effects on both glutaminase activity and ammonia excretion. From the analysis of variance, it can be seen that urine pH and urine flow rate were affected by the antibiotic.
The effect of actinomycin D on urine flow rate was time dependent (P < 0.005). The changes in both urine pH and urine flow rate appeared to be the consequence of the combination of every factor acting together. Since actinomycin D has a certain degree of toxicity associated with its action as an inhibitor, one must be careful, as with any inhibitor, in interpreting the effects of this (Fig. l) , it is evident that the antibiotic inhibited the acid-induced rise in ammonia excretion even when urine flow was equalIy depressed in both groups (Table  3) . Second, the rate of ammonia excretion was not significantly inhibited in control rats receiving actinomycin D, even though the urine flow rate was significantly reduced in this group (Table  3) . Third, when the urine flow rates of the actinomycin D-treated rats were in- Table 3 shows that actinomycin D had effects on both urine pH and urine flow rate after 28 h treatment.
During the first 4 h of treatment, actinomycin D had no effect on these two parameters; both urine pH and urine flow rate of the actinomycin-treated rats were similar to their respective control values (urine pH : control 6.6 =I= 0.1 vs. 6. The rate of ammonia diffusion into the tubules is influenced both by the rate of urine flow and the urine acidity ( 11). The administration of actinomycin D caused a 50 % reduction in urine flow rate and tended to acidify the urine in control animals and raise urine pH slightly in acidotic 5. 5-6.3 (9) . M oreover, in the experiments in which the urine flow rates were purposely increased (Table 5) , ammonia excretion was still inhibited in the acidotic rats receiving actinomycin even though urine pH's were similar to the acidotic controls. This confirmed further that the response of ammonia excretion during actinomycin D treatment was not due to nonspecific effects of the antibiotic. The cause of the depression in urine pH in rats receiving actinomycin D alone is unknown.
DISCUSSION
Previous attempts to correlate biochemical changes with the maturation of the ammonia-excreting process in the kidneys of infant rats have been unsuccessful in defining the factor(s) responsible for the deficiency in renal ammonia excretion in infant rats. However, in an earlier study (5) it was found that in contrast to the response to a single dose of acid, the infant rat could adapt to prolonged metabolic acidosis in a manner much closer to that observed in the adult rat. Thus, it appeared that repeated administration of acid-salt (NH&l) to nursing rats accelerated the production of some component necessary for the development of an adultlike response to metabolic acidosis. Since the time constant for this adaptation was days, not hours or minutes, we speculated that the response may have been related to an increased rate of synthesis of an enzyme in the renal cells. In addition we had found in an earlier study that activity of phosphate-dependent glutaminase was quite low in developing rats (5)* Thus, it seemed logical to investigate the possibility that prolonged metabolic acidosis might improve the ability of the infant rat kidney to respond to an acid by inducing glutam the mase synthesis and, thereby, elevating the in the developi .ng kidne V. Table  2 ). The adaptation of glutaminase activity, therefore, appears to be much more essential in the response of ammonia excretion to metabolic acidosis in infant rats than in adults. This different requirement of the two age groups is probably related to the fact that the level of phosphate-dependent glutaminase activity in the kidneys of the infant rats examined was only about one-third the level in the adult kidneys. Thus, it seems that the level of glutaminase in the developing kidney may have to reach a critical point, e.g., twothirds the adult level, before the response of renal ammonia to acid loading can fully mature. Indeed, we previously observed (5) that the adultlike response of renal ammonia excretion to a single dose of acid did not take place until the 3rd wk after taminase had adult value. birth, at which time the level of renal glumatu red to a .pproximately two-*thirds the The limitation of renal ammonia excretion by the level of glutaminase in the kidney is not a unique feature of neonatal animals.
Several mammals, such as the guinea pig and rabbit, have relatively low levels of glutaminase in their kidneys (7). These same mammals have low rates of renal ammonia excretion (7) and, similar to infant rats, show a poor ammonia response to administration of an acid load (18). Thus, although the level of phosphate-dependent glutaminase activity does not limit the rate of ammonia excretion in adult rats and dogs, glutaminase concentration can become rate limiting in other situations in which the enzyme level is relatively low. However, one should bear in mind that the changes of renal ammonia excretion and glutaminase activity in the same direction do not provide proof for a causal relationship.
They merely suggest a possible connection between the two parameters. It is interesting to note that although administration of actinomycin D blocked the response of renal ammonia excretion to prolonged acidosis in infant rats, the antibiotic had no effect on the rise in ammonia excretion in infants given a single dose of NH&l (Fig. 2) . Thus, the initial increase in renal ammonia excretion in acidotic infant rats and the acid-induced increase in ammonia excretion in adult rats do not appear to be mediated by the adaptation of renal glutaminase.
In both cases the rise in renal ammonia production during the early phases of acidosis may be due to the activation of preexisting, inactive phosphatedependent glutaminase by changes in the biochemical environment of the renal cells, leading to an increased rate of deamination of glutamine with no change in concentration of enzyme molecules.
Kvamme and associates (8) have shown that renal phosphate-dependent glutaminase is capable of undergoing allosteric changes in structure and activity that might lead to activation of the enzymes under
